We investigate Klein tunneling in graphene heterojunctions under the influence of a perpendicular magnetic field via the non-equilibrium Green's function method. We find that the angular dependence of electron transmission is deflected sideways, resulting in the suppression of normally incident electrons and overall decrease in conductance. The off-normal symmetry axis of the transmission profile was analytically derived. Overall tunneling conductance decreases to almost zero regardless of the potential barrier height V 0 when the magnetic field (B-field) exceeds a critical value, thus achieving effective confinement of Dirac fermions. The critical field occurs when the width of the magnetic field region matches the diameter of the cyclotron orbit. The potential barrier also induces distinct Fabry-Pérot fringe patterns, with a "constriction region" of low transmission when V 0 is close to the Fermi energy. Application of B-field deflects the Fabry-Pérot interference pattern to an off-normal angle. Thus, the conductance of the graphene heterojunctions can be sharply modulated by adjusting the B-field strength and the potential barrier height relative to the Fermi energy.
Introduction
Graphene consists of a one-atom-thick carbon honeycomb lattice and has attracted considerable interest in both experimental and theoretical studies [1, 2] . In graphene systems, the charge carriers possess a gapless linear dispersion in the low-energy approximation, which results in the particles behaving as massless Dirac fermions. Due to the chiral nature of the charge carriers, electrons injected at normal direction can transmit perfectly across an arbitrarily high and wide barriers, referred to as Klein tunneling [3, 4] . However, the peculiar Klein tunneling has become a double-edged sword. On the one hand, the perfect transmission suppresses the backscattering of charge carriers and protects the high mobility of the graphene system. On the other hand, Klein tunneling makes the confinement of the massless Dirac fermions difficult, especially the electrostatic confinement [5] [6] [7] .
In the context of graphene device application, the requirement of effective confinement of the Dirac fermions, has triggered active research effort. Existing literatures have reported the possibility of confinement of Dirac fermions in quantum systems formed by electrostatic potentials, such as quantum dot islands [8] [9] [10] [11] [12] , electron cloaks [13] or by gate geometry alone [14, 15] . Owing to the different chirality of the charge carriers, it is possible to utilize an electrical method to modulate the transport properties of Dirac fermions in few-layer graphene systems, for example twisted graphene bilayer [16] , trilayer graphene [17] [18] [19] . For the case of monolayer graphene, it has been reported that inhomogeneous magnetic fields may be utilized to confine massless Dirac fermions [20] , which motivates subsequent works based on wave vector filtering [21] [22] [23] . Based on the confining characteristic of the magnetic field, different magnetic configurations and magnetic graphene superlattices are proposed to control the transport property of the charge carriers in graphene systems [24] [25] [26] [27] [28] [29] . In particular, the combined effect of applied magnetic field and electrostatic potential induces novel effects, such as the collapse of Landau levels [30, 31] , Fabry-Pérot interference [32] [33] [34] and other interesting transport phenomena [35] [36] [37] [38] [39] [40] , upon transmission of Dirac fermions through the graphene junctions. However, thus far, most research work had adopted the low-energy Dirac Hamiltonian to study the effect of the magnetic field on the graphene transport which neglects the contribution of higher-order terms in the energy dispersion, and is limited to simple configurations of the graphene junctions. In addition, the effect of the magnetic field (B-field )on the Fabry-Pérot interference pattern and hence, on the total conductance deserves further study.
Motivated by the above issues, in this paper, we consider a gated graphene junction influenced by external magnetic fields B 1 and B 2 , and electrostatic potential V 0 , as shown schematically in Fig. 1 . We adopt the tight-binding model to analyze the transport property, which does not assume the low-energy Dirac approximation. Based on the nonequilibrium Green's function approach, we calculate the transmission and the total conductance under the influence of an applied magnetic field. We found that the angular dependence of transmission is deflected sideways by the magnetic B-field, resulting in the decrease of the total conductance. Correspondingly, the axis of symmetry of the transmission is shifted to an off-normal orientation, which can be analytically determined based on the B-field strength.
The transmission is suppressed close to zero when the magnetic field increases beyond a critical field. Thus, one can effectively confine the Dirac fermions in the graphene device by either increasing the B-field or the width of the low magnetic-field region to accommodate a cyclotron orbit. The magnetic field induces also deflects the distinct Fabry-Pérot fringe patterns induced by the potential barrier, and can significantly decrease the electron transmission within a certain "constriction"' region.
The rest of this paper is organized as follows. In the section of methodology, we present the tight-binding model and the transport formalism of the nonequilibrium Green's function method. In the section of results and discussion, we discuss the angle-dependent transmission and the total conductance under the influence of the magnetic field. Finally in the section of conclusions, we give a summary of our conclusions.
Methodology
In this section, we consider the effect of the external magnetic field on the Klein tunneling of bulk graphene heterojunctions, as shown in Fig. 1 . The scattering region includes red and blue regions, which are acted upon by two different magnetic fields, B 1 and B 2 , respectively. We adopt the π-orbital tight-binding model to investigate the Klein tunneling under perpendicular magnetic fields. The real space π-orbital tight-binding Hamiltonian is written as
where t is the hopping energy between two neighboring atoms i and j, c † i (c i ) refers to the creation (annihilation) operator,
is the on-site potential at site i.
The orbital contribution of the external magnetic field perpendicular to the graphene plane is introduced through the Peierls substitution of hopping coefficients [41] ,
In our tight-binding method we adopt the Bloch theorem along the transverse direction with periodicity l y [42] . For the bulk graphene oriented with zigzag carbon chains along the x direction, we can choose the transverse periodicity l y = 3a 0 to effectively describe the bulk graphene system, where a 0 ≈ 1.42Å is the bonding length. We adopt the Landau 
where
is the line-width function, and Σ r α is the retarded self-energy function coupling to the leads α = L, R, which can be calculated numerically by solving the surface Green's function of the leads [45] . If the line-width function Γ α is obtained, we can express the retarded and advanced Green's functions according to their respective definitions The electron is injected into the central region at various incidence angle θ, associated
with different values of k y . We calculate the transmission probability for a fixed k y or θ, i.e.,
Then the conductance of the graphene heterojunction is obtained by integration of Eq. (3) over the transverse Bloch momentum [35] ,
where the factor of 2 accounts for the two-fold spin degeneracy, W is the transverse dimension of the interface and
is the unit of conductance. Note that the valley degeneracy is inherently incorporated in the Hamiltonian H.
Results and Discussion
In this section, we first analyze the energy-dependent behavior of the transmission probability T (θ, E F ) in the absence of the magnetic field, i.e.,
as a function of the incident angle θ for different Fermi energies and potential barriers V 0 , as shown in Fig. 2 . Fig. 2 (a) shows similar angular dependence as that of Fig. 2 in Ref. [3] when V 0 = 196.8, 300 meV, obtained via the low-energy Dirac equation. It can be seen that the transmission can reach the maximum value of 2 even when the potential barrier is much higher than the Fermi energy (e.g., for V 0 = 450 meV), which is a typical signature of Klein tunneling. However, there is significant a suppression of electron transmission for the special case of V 0 = E F = 81.6 meV, which we name as the equal-barrier point. For this case, although the transmission of normally incident electrons still remains at the ideal value of 2, there is a sharp decrease in T to almost zero when the angle of incidence deviates slightly from the normal. This phenomenon may be explained by considering the effective theory of the low-energy approximation [2] . Note that all the results presented in the figures in this paper are calculated numerically by means of the tight-binding non-equilibrium Greens function approach. The low-energy Dirac Hamiltonian is only used to obtain analytical results in order to elucidate the numerical results. Accordingly, the Dirac equation of the graphene heterojunction can be written as
where v F is the Fermi velocity, the operator ∇ = (∂ x , ∂ y ) denotes the differential operator
in the x-y plane, and ψ(r) = [φ A (x), φ B (x)]e ikyy refers to the two-component wave function.
Bearing in mind the potential profile of our tight-binding model, we can obtain the explicit forms of the wave functions for three regions at E = V 0 as follows,
where r and t 0 refer to the reflection and transmission amplitudes, respectively. By imposing the matching conditions at the two interfaces, we obtain the transmission probability as
Obviously, T = 1 at θ = 0 (k y = 0), where the valley degeneracy has been neglected.
However, the transmission rapidly decreases with increasing k y or θ, especially for thick barrier region (i.e., large L), due to the exponential factor e 2kyL in the denominator. Thus, one can deduce that for the special equal-barrier case, the transmission T is nonzero (and equals to 1) only at normal incidence, i.e. θ = 0, if the barrier region is sufficiently thick.
This phenomena is similar to that of the two-dimensional dice lattice [46] . The same behavior is illustrated in Fig. 2(b) , where the potential barrier is fixed at V 0 = 196.8 meV, while E F is varied. Strong suppression of the transmission T again occurs at the equal-barrier point, Next we analyze the effect of the magnetic field on the transmission. The transmission T is plotted in Fig. 3 versus the incident angle θ for different strengths of the magnetic field B 2 in the central region and potential barrier heights V 0 , while B 1 is set to zero. Fig. 3 shows that the transmission profiles are deflected to one side. Accordingly, the axis of symmetry is shifted from normal incidence (θ = 0) to some off-normal angle θ s , which satisfies the relation sin θ s = eB 2 L/(2 k F ) derived from the symmetry center of the Fabry-Prot pattern, as shown in our subsequent discussion on the Fabry-Pérot interference. With increasing strength of the magnetic field, e.g., for Fig. 3(a) Note that the critical field also distinguishes the quantum Hall regime and the low-field regime. In the former, application of strong magnetic fields leads to the formation of discrete Landau levels. However, when the magnetic field strength is decreased below the critical field, the Landau levels undergo a collapse transition [30, 31] . At field strength below this transition, the classical Lorentz force behavior is observed where the transmission profile is pushed sideways as described above. This means the suppression of transport, as can be seen by calculating the conductance with Eq. (5). In particular, the transmission approaches zero when the magnetic field is close to the critical field, a feature which can be utilized to confine the Dirac fermions in a graphene system via the suppression of Klein tunneling. However, in the quantum Hall regime, such confinement is not possible. This is because the Landau level states induce edge transport [48, 49] , thus contributing to a non-zero conductance. Thus, we limit our investigation of the magnetic field-induced transport to the low-field regime, to avoid the contribution of the edge states and achieve an effective confinement of Dirac fermions in graphene.
Next, we analyze the transport behavior induced by the magnetic field for the special equal-barrier case, i.e., E F = V 0 = 81.6 meV [ Fig. 3(c) ]. The curves of the transmission are also deflected to one side, however, the transmission lobes are much sharper compared to other potential barrier heights. This shows that the strong suppression of transmission in the equal-barrier case, as shown in Fig. 2 calculations, the critical field turns out to be B 2 ≈ 1.62 T, which agrees with our calculated results.
We now consider the situation where the magnetic field is set at a sub-critical value to avoid the existence of the edge states, while the length of the magnetic field region is increased to effectively confine the Dirac electrons. As shown in Fig. 1 , we included two additional regions of length L 1 , on either side of the central region, where a magnetic field B 1 is applied. Fig. 4(a) shows the angle-dependent transmission for different lengths L 1 when
With the length of L 1 increasing from 0 to 32 nm, the transmission lobe gets pushed gradually towards the transverse y direction, and overall transmission decreases to zero. The critical length where T goes to zero is at about L 1 = 32 nm, in agreement with the cyclotron diameter at B = 1 T. If the direction of B 1 is reversed to the +ẑ direction, we find that the transmission lobes are gradually pushed back towards the direction θ = 0 [see Fig. 4(b) ]. This means that a negative magnetic field B 1 will offset the effect of B 2 and recover the Klein tunneling characteristic, resulting in the increase of the conductance. Our tight-binding model with a sharp potential barrier yields similar transport behaviors with that obtained via the low-energy theory with a smooth potential, which is studied in Ref. [32] . However, surprisingly, the contour plot of the transmission in Ref. [32] remains symmetrical about p y = 0, and not deflected to one side by the magnetic field. In order to understand why this difference arises, we calculate the transmission of the graphene heterojunction with a slightly different magnetic field profile:
other words, the origin of the coordinate x is shifted to the center of the potential barrier.
For this symmetrical magnetic configuration, the corresponding vector potential profile is given by This gauge choice requires the wave vector to be modified as
in order to preserve the gauge invariance of the transmission [20] and to ensure continuity of the magnetic vector potential across the two junctions. Therefore, with the modified wave vector, we obtain the similar results with those shown in Fig. 5 for the symmetrical magnetic configuration. In Ref. [32] , there is no sideway deflection in the transmission profile because they are plotting the canonical momentum, while we focus on the kinematic momentum which would reflect the trajectory of the Dirac fermions within the magnetic region.
Finally, we analyze the effect of the field on the conductance G. Fig. 6(a) shows the conductance as a function of the potential barrier V 0 for different magnetic fields. When Fig. 5(c) . For the case of a n-p-n graphene junction, i.e., V 0 > E F , the conductance exhibits distinct peaks associated with the Fabry-Pérot oscillations. Fig. 6(b) shows the variation of the conductance as a function of the magnetic field for different potential barrier heights. We can see that the conductance decreases almost monotonically to close to zero as B 2 is increased. For all magnetic field strengths, the conductance is smallest at the equal-barrier point, which again demonstrates that the best confinement of Dirac fermions in the graphene junction occurs in the constriction region. When B 2 ≈ 1.5
T (close to the critical field value), all of the conductance curves approach zero, regardless of the potential barrier height. Thus, at this field value, the Dirac fermions are effectively confined by the formation of complete cyclotron orbit, as discussed previously.
Conclusions
In summary, we have investigated the transport property of a gated graphene sheet in the presence of magnetic fields using the non-equilibrium Green's function method. Our numerical calculations demonstrate the effect of the magnetic field on the angular dependence of the transmission and the total conductance. In the absence of the magnetic field, we find that the transmission is significantly suppressed when the potential barrier is equal to the Fermi energy. However, the characteristic of the Klein tunneling (perfect transmission for normally incident electrons) always holds regardless of the potential barrier height and the Fermi energy value. Upon application of an external perpendicular magnetic field on the graphene sheet, the angular-dependent transmission profile is deflected to one side, resulting in the decrease of the overall conductance. Accordingly, the orientation of the axis of symmetry of the transmission profile is shifted from the zero angle (normal incidence) to a certain off-normal angle θ s , which satisfies a relation arising from the effect of the Fabry-Pérot interference. In the presence of a sufficiently strong B-field, normally incident electrons are almost completely reflected, resulting in the suppression of the Klein tunneling effect. When the B-field exceeds a certain critical value, the transmission is virtually zero regardless of the angle of incidence. This critical field value is associated with the formation of a complete cyclotron orbit, and marks the boundary between the quantum Hall regime and the low-field regime. Since we are interested in achieving effective confinement of Dirac fermions in graphene, we limit our analysis to the low-field regime, so as to avoid conductance con- 
